4  ' 

4. 


«♦  r-* 


REPORT  DOCUMENTATION  PAGE 

Form  Approved 

OMB  No .  0704-0188 

The  public  reporting  burden  ior  this  collection  of  information  is  estimated  to  average  }  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources, 
gethering  end  meintaining  the  date  needed,  and  completing  end  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  eny  other  aspect  of  this  collection  of 
information,  including  suggestion*  for  reducing  the  burden,  to  the  Depertment  of  Defense,  Executive  Services  end  Communieetions  D  rector  ate  (0704  01 BB).  Respondents  should  be  aware 
that  notwithstanding  eny  other  provision  of  law.  no  person  shall  be  sublet  to  eny  penalty  for  failing  to  comply  with  a  collection  of  information  if  it  does  not  display  •  currently  vefid  0M6 
control  number. 

PLEASE  00  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ORGANIZATION. 

1.  REPORT  OATE  (DD-MM-YYYY)  2.  REPORT  TYPE 

„  31-01-2012  Conference  Proceedings 

3.  OATES  COVEREO  (From  -  To) 

4.  TITLE  ANO  SUBTITLE 

Microbiologically  Influenced  Corrosion:  Causative  Organisms  and 

Mechanisms 

5a.  CONTRACT  NUMBER 

5b.  GRANT  NUMBER 

5c.  PROGRAM  ELEMENT  NUMBER 

0601 153N 

6.  AUTHOR(S) 

Brenda  J.  Little,  Jason  S.  Lee,  Richard  I.  Ray 

5d.  PROJECT  NUMBER 

5e.  TASK  NUMBER 

5f.  WORK  UNIT  NUMBER 

73-9576-01-5 

7.  PERFORMING  ORGANIZATION  NAME(S)  ANO  AOORESS(ES) 

Naval  Research  Laboratory 

Oceanography  Division 

Stennis  Space  Center,  MS  39529-5004 

8.  PERFORMING  ORGANIZATION 

REPORT  NUMBER 

NRL/PP/7303-1  1-0671 

9.  SPONSORING/MONITORING  AGENCY  NAMEiSl  ANO  AOORESS(ES) 

Office  of  Naval  Research 

800  N.  Quincy  St. 

Arlington,  VA  22217-5660 

10.  SPONSOR/MONITOR'S  ACRONYM(S) 

ONR 

11.  SPONSOR/MONITOR  S  REPORT 
NUMBER(S) 

12.  DISTRIBUTION /AVAILABILITY  STATEMENT 

Approved  for  public  release,  distribution  is  unlimited. 


_ <50  Uo5Z3-OC>  1 

13.  SUPPLEMENTARY  NOTES 


14.  ABSTRACT 

The  relationship  between  microorganisms  and  corrosion  is  both  predictable  and  complex.  In  aquatic  environments  and  under  some  atmospheric  conditions, 
microorganisms  settle  on  surfaces  and  alter  the  surface  chemistry  controlling  the  rates  of  corrosion  or  shifting  the  mechanism  for  corrosion.  The  result  is  corrosion 
where  none  could  be  anticipated  based  on  the  composition  of  the  bulk  medium,  e.g.,  low-chloride  waters,  and  rates  that  are  exceptionally  fast  Under  some 
circumstances  microorganisms  can  also  inhibit  corrosion.  The  influence  of  microorganisms  on  corrosion  depends,  not  only  on  the  presence  and  activities  of  the 
microorganisms,  but  also  the  nature  of  the  metal/alloy  and  the  specific  environment  in  which  the  organisms  are  growing,  e.g.,  aerobic  vs.  anaerobic,  ratio  of 
aggressive  anions  to  non-aggressive  anions  and  nutrients. 

_ D 

15.  SUBJECT  TERMS 

causative  microorganisms,  mechanisms,  microbiologically  influenced  corrosion 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION  OF 
ABSTRACT 

IB.  NUMBER 
OF 

PAGES 

8 

19a.  NAME  OF  RESPONSIBLE  PERSON 

a.  REPORT 

b.  ABSTRACT 

c.  THIS  PAGE 

Brenda  J.  Little 

Unclassified 

Unclassified 

Unclassified 

UL 

19b.  TELEPHONE  NUMBER  (Include  area  code) 

228-688-5494 

Standard  Form  29B  (Rev.  B/9B) 

Prescribed  by  ANSI  Std.  Z39.18 


4 


MICROBIOLOGICALLY  INFLUENCED 
CORROSION:  CAUSATIVE  ORGANISMS  AND 

MECHANISMS 


It  Little,  J  Lee  &  R  R;iy 
Nil viil  Research  Laboratory,  USA 

Summary:  The  rclaliunship  hetween  microorganisms  and  corrosion  is  both  prcdiciahlc  and  complex. 

In  aquatic  environments  and  under  some  atmospheric  conditions,  microorganisms  settle  on  surfaces 
and  allcr  the  surface  chemistry  controlling  the  rates  of  corrosion  or  shifting  the  mechanism  lor 
corrosion.  The  result  is  corrosion  where  none  could  he  anticipated  hased  on  the  composition  of  the 
bulk  medium,  e.g.,  low-chloride  waters,  and  rates  that  arc  exceptionally  fast.  Under  some 
eireumslanees  microorganisms  can  also  inhibit  corrosion.  The  influence  of  microorganisms  on 
corrosion  depends,  not  only  on  the  presence  and  activities  of  the  microorganisms,  but  also  the  nature  of 
the  mctal/alloy  and  the  specific  environment  in  which  the  organisms  are  growing,  e.g.,  aerobic  vs. 
anaerobic,  ratio  of  aggressive  anions  to  non-aggressive  anions  and  nutrients. 

Keywords:  Causative  microorganisms.  Mechanisms,  Microbiological ly  Influenced  Corrosion 


L  INTRODUCTION 

Several  mechanisms  tor  microhiotogically  influenced  corrosion  (MIC),  including  ennoblement  of  passive  alloys  and 
degradation  of  corrosion  inhibitors*  are  not  attributed  to  specific  types  of  microorganisms,  hut  to  microorganisms  in 
general.  Oilier  mechanisms  for  MIC  arc  associated  with  specific  microorganisms.  The  organisms  known  to  influence 
corrosion  are  physiologically  diverse  and  have  frequently  been  grouped  by  cither  an  electron  acceptor  or  an  energy  source 
that  is  linked  to  the  resulting  corrosion*  e.g.  sulfate -reducing  and  iron -oxidizing.  White  a  corrosion  mechanism  may  be 
attributed  to  a  single  group  of  organisms,  the  most  aggressive  MIC  occurs  with  natural  populations  made  up  of  muny  types 
of  microorganisms.  Furthermore,  a  single  type  of  microorganism  can  simultaneously  affect  corrosion  via  several 
mechanisms  C  ell  death  within  a  well -developed  hiolllm  does  not  necessarily  mean  an  end  to  the  influence  on  corrosion. 
For  example,  pilling  corrosion  of  some  altoys  continues  under  deposils  of  iron-oxidizing  bacteria  independent  of  bacterial 
activity.  Similarly,  microhiologically  generated  iron  sulfide  accelerates  corrosion  of  some  materials  in  the  absence  of 
viahle  cells. 

Identification  of  specific  microorganisms  associated  with  corrosion  products  may  not  provide  insight  into  failure 
mechanisms.  Under  some  circumstances,  microorganisms  are  attracted  U>  corroding  sites  and  their  accumulation  is  the 
result  of  corrosion  (Franklin  et  at.  2000).  In  addition,  Jiglctsova  cl  al .,  (2004)  and  Rodin  ct  al.  (2005)  demonstrated  that  the 
corrosive  properties  of  biofitms  varied  with  culture  conditions.  They  used  mild  steel  coupons  exposed  to  a  natural 
consortium  of  bacteria  isolated  from  oil-proccssing  waters.  The  organisms  included  oil-oxidizing  aerobes  and  sulfate- 
rcducing  bacteria  (SRB).  During  biofilm  formation  in  glucosc-mincrat  medium  with  peptone,  corrosion  loses,  as  measured 
hy  weight  loss,  increased  vs.  sterile  control.  Corrosion  decreased  when  the  same  coupons  with  hiofitms  were  transferred 
into  enriched  Luria-Berlani  medium.  An  increase  in  corrosion  was  observed  when  coupons  were  lransferred  from  Luria- 
Ikrtani  lo  the  minimal  medium.  Their  data  indicate  lhat  environmental  conditions  determine  the  specific  microbiological 
effect  tin  corrosion  processes  -  not  the  individual  organisms. 

The  types  of  microorganisms  involved  in  corrosion,  and  consequently  the  mechanisms  for  MIC,  are  continuously  heing 
updated.  The  following  sections  provide  an  overview  of  potential  MIC  mechanisms,  causalivc  microorganisms  and  the 
environments  in  which  they  could  be  important* 

2,  MIC  MFC  I  lANISMS  THAT  AKF  COMMON  TO  ALL  MICROORGANISMS 
2.1  Consumption  of  Oxyanionx 

Molar  ratios  of  aggressive  ions  to  inhibiting  ions  (e.g..  Cl  lo  N(K  +  S04  )  are  used  to  predict  whether  an  electrolyte  can 
sustain  a  localized  corrosion  reaction.  The  relationship  between  the  concentration  of  inhihitivc  and  aggressive  anions 
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corresponds  to  competitive  uptake  of  the  anions  by  adsorption  or  ion  exchange  at  a  fixed  number  of  sites  at  the  oxide 
surface.  Microorganisms  can  alter  the  corrosivity  of  an  electrolyte  by  consuming  inhibiting  anions  (Little  2003).  Increasing 
chloride  concentration  shifts  the  critical  pitting  potential  to  more  active  (negative)  values.  The  potential  is  shifted  to  more 
noble  (positive)  values  by  the  presence  of  other  anions,  particularly  oxyanions(C104  ',  S04-2,  NOV,  P04  \  N02  and  OIL. 
The  concentrations  and  types  of  anions  required  for  corrosion  inhibition  are  extremely  specific  for  both  metals  and 
environments.  To  be  fully  effective,  inhibitor  anions  must  be  present  in  certain  minimum  concentrations.  “In  many  service 
applications  excursions  in  solution  chemistry,  temporary  loss  of  inhibitor  or  transient  increases  in  temperature  may  give 
rise  to  localized  corrosion  in  an  otherwise  inhibited  system”  (Turnbull  et  al.  2002).  At  concentrations  helow  the  critical 
value,  inhihitive  anions  may  act  aggressively  and  stimulate  breakdown  of  oxide  films.  Salvarezza  and  Videla  (1984)  used 
pitting  potential  to  assess  MIC  of  aluminum  alloys.  During  growth  of  the  fungus  Cladosporium  resinae,  nitrate  and 
phosphate  were  incorporated  into  the  hiomass  increasing  the  chloride/in hibilor  ion  ratio.  In  their  experiments,  fungal 
uptake  of  inhibitors  was  the  principal  cause  of  the  pitting  potential  decrease  during  microbial  growth. 

2.2  inactivation  of  Corrosion  Inhibitor 

Biofilms  reduce  the  effectiveness  of  corrosion  inhibitors  by  creating  a  diffusion  harrier  between  the  metal  surface  and  the 
inhihiior  in  the  bulk  solution.  Furthermore  many  of  the  compounds  used  as  corrosion  inhibitors  can  provide  nutrients. 
Amines  and  nitrites  used  as  corrosion  inhibitors  cun  be  degraded  by  microorganisms,  decreasing  the  effectiveness  of  the 
compounds  and  increasing  the  mierohial  populations.  Cooke  et  af.  (1995)  reported  that  chromate  (K2Cr()4)  was  ineffective 
as  a  corrosion  inhihiior  in  an  electricity  generating  station  because  chromate-reducing  hactcria  hlockcd  pi])cs  with 
precipitated  chromium  (111)  oxide. 

2.3  Ennoblement 

Mierohial  colonization  of  passive  metals  can  shift  E**,  in  the  nohle  direction  and  produce  accompanying  increases  in 
current  density  and  polarization  slope  at  mild  cathodic  potentials.  Ennoblement  has  been  observed  in  fresh,  estuarine  and 
marine  waters  with  many  metals  and  alloys.  The  phenomenon  is  particularly  important  for  alloys  which  have  a  pitting 
potential  a  few  hundred  millivolts  more  noble  than  the  open-circuit  potential,  e.g.,  300  series  stainless  steels,  aluminum  and 
nickel  alloys.  Ennoblement  in  marine  waters  has  been  attributed  to  depolarization  of  the  oxygen  reduction  reaction, 
acidification  of  the  electrode  surface,  the  combined  effects  of  elevated  H202  and  decreased  pH  and  the  production  of 
passivating  siderophores,  but  not  to  specific  microorganisms.  For  a  review  see  Little  et  al.  (2008). 

2.4  Oxygen  Concentration  Cells 

Any  geometrical  factor  that  results  in  a  high  oxygen  concentration  in  one  area  and  a  low  concentration  at  another  will 
create  a  differential  cell,  including  the  presence  of  microbial  cells  on  a  surface.  Adsorbed  cells  grow,  reproduce  and  form 
colonics  that  are  physical  anomalies  on  a  metal  surface,  resulting  in  local  anodes  and  cathodes  and  the  formation  of 
differential  aeration  cells.  Under  aerobic  conditions,  areas  under  respiring  colonies  hccomc  anodic  and  surrounding  arcus 
hccomc  cathodic  (Little  and  Lee  2007). 

2.5  Metal  Concentration  Cells 

Microorganisms  on  surfaces  produce  polymers  and  form  a  gel  matrix  on  the  metal.  In  general,  exopolymers  arc  acidic  and 
contain  functional  groups  that  hind  metals  (Gecsey  ct  al.  1986).  Nivens  et  al.  (1986)  demonstrated  that  Vibrio  natru\\>cns 
increased  the  corrosion  rale  of  304  stainless  steel  coupons  during  a  six -day  incubation.  The  corrosion  rale  began  to 
increase  when  colonies  of  microorganisms  were  detected  on  the  surface.  The  most  rapid  increase  in  corrosion  rate, 
however,  correlated  with  the  formation  of  extracellular  polymer. 

3.  TIIK  CAUSmVE  ORGANISMS 

The  specific  microorganisms  that  can  influence  corrosion  are  from  all  three  main  branches  of  the  tree  of  life,  i.c.,  hactcria. 
archaea  and  eukaryota  (Little  and  Lee  2009).  Archaea  and  bacteria  are  single-cell  prokaryotes  and  have  no  cell  nucleus  or 
any  other  organelles  within  their  cells.  Generally,  archaea  and  bacteria  are  similar  in  size  and  shape,  although  a  few  archaea 
have  very  unusual  shapes,  such  as  the  flat  and  square-shaped  cells.  Despite  the  visual  similarity  to  bacteria,  archaea  possess 
unique  biochemistries,  genes  and  several  metabolic  pathways  that  are  more  closely  related  to  those  of  eukaryotes.  The  cells 
of  eukaryotes  possess  a  clearly  defined  nucleus,  bounded  by  a  membrane,  within  which  DNA  is  formed  into  distinct 
chromosomes.  Eukaryotic  cells  also  contain  mitochondria  and  other  structures  organelles  that,  together  with  a  defined 
nucleus,  arc  lacking  in  the  cells  of  prokaryotes.  Typically,  eukaryotic  cells  are  ten  limes  larger  in  each  dimension  than 
bacteria  and  archaea.  Fungi,  i.e.,  yeasts,  molds  and  mushrooms  are  eukaryotic  organisms. 

3.1  Sulflde-IVoducing  Prokaryotes 

For  decades,  it  has  been  assumed  that  microbial  sulfide  production  was  the  result  of  the  activities  of  sulfate -reducing 
bacteria  (SRB).  However,  some  archaea  can  reduce  sulfate  to  sulfide  and  some  bacteria  can  reduce  thiosulfate  to  sulfide. 
The  inclusive  term  for  microorganisms  capable  of  sulfide  production  is  sulfide -producing  prokaryotes  (SPP). 
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The  mosl  obvious  mechanism  whereby  SIM*  influence  corrosion  is  hy  formation  of  a  metal  sulfide  on  a  surface.  McNeil 
and  Odom  ( 1994)  prepared  a  model  that  can  be  used  to  predict  susceptibility  of  metals  to  the  formation  of  various  metal- 
sulfide  minerals  (dcrivali/alion)  by  microbiologieally  produced  sulfides.  The  model  assumes  that  SSI1  MIC  is  initiated  hy 
sulfide-rich  reducing  conditions  in  a  hiofilm  and  that  under  Ihosc  conditions  the  oxide  layer  on  the  metal  (or  the  metal 
itself)  is  destahilized  and  acts  as  a  source  of  metal  ions.  Sulfide  ions  react  to  produce  sulfide  compounds  in  micron-sized 
particles  that  arc  in  some  cases  crystalline.  The  consumption  of  metal  ions  at  the  microbe  surface  is  balanced  by  release  of 
surface  ions  until  the  oxide  is  tolally  consumed.  If  the  reaction  lo  convert  the  metal  oxide  to  a  metal  sulfide  has  a  positive 
Gihhs  free  energy  under  surface  conditions,  the  sulfides  will  not  strip  the  protective  oxide  and  no  corrosion  will  take  place. 
If  the  Gibbs  free  energy  for  that  reaction  is  negative,  the  reaction  will  proceed,  sulfide  microcrystals  will  redissolve  and 
reprecipilale  as  larger,  generally  more  sulfur-rich  crystals.  The  model  accurately  predicts  that  titanium  alloys  will  be 
immune  to  derivntizalion  and  that  carhon  steel  and  copper  alloys  will  he  vulnerable.  The  model  is  limited  to 
thermodynamic  predictions  as  lo  whether  or  not  a  reaction  will  take  place  and  docs  not  consider  metal  toxicity  to  the 
organisms,  tenacity  of  the  resulting  sultidc  or  others  factors  that  influence  corrosion  rate.  The  model  does  not  make  specific 
predictions  for  low  and  medium  grade  stainless  steel  alloys. 

Hamilton  (2003)  concluded  thal  all  mechanisms  for  MIC  involved  a  process  of  e led ron  transfers  from  base  metal  to 
oxygen  as  the  ultimate  electron  acceptor  through  a  series  of  coupled  reactions.  The  specific  coupled  reactions  varied  with 
mechanism  and  causative  organism.  He  proposed  that  in  the  case  of  SRB  and  carbon  steel,  sulphate,  an  intermediate 
electron  acceptor,  is  reduced  lo  sulphide  lhat  reads  with  iron  to  form  a  corrosion  product  that  ultimately  transfers  electrons 
lo  oxygen.  In  the  model,  sulphate  is  the  terminal  electron  acceptor  in  anaerohic  respiration,  but  oxygen  is  the  terminal 
electron  acceptor  in  the  corrosion  reaction.  Consistent  with  that  model,  most  reported  cases  of  SRB -induced  corrosion  of 
carhon  steel  in  marine  waters  are  in  environments  with  some  dissolved  oxygen  in  the  hulk  medium.  Using  mild  steel  and 
weight  loss  measurements  Hardy  and  Bown  (1984)  reported  that  successive  aeration  deaeration  shifts  caused  variation  in 
the  corrosion  rate.  The  highest  corrosion  rates  in  their  experiments  were  observed  during  periods  of  aeration. 

Lee  et  al.  (2005)  designed  Held  experiments  to  evaluate  dcoxygcnalion  of  natural  seawater  as  a  corrosion  control  measure 
for  unprotected  carbon  steel  seawater  hallast  tanks.  Carbon  steel  exposed  to  cycles  of  hypoxic  seawater  and  oxygenated 
atmosphere  had  higher  corrosion  rates  than  coupons  exposed  to  either  consistently  aerobic  or  deoxygenated  conditions. 

Additional  corrosion  mechanisms  have  hecn  attributed  to  SRB,  including  cathodic  depolarization,  anodic  depolarization, 
release  of  exopolymers  capahlc  of  binding  metal  ions,  sulfide  induced  stress  corrosion  cracking  and  hydrogen  induced 
cracking  or  blistering.  Recent  reviews  suggest  that  SRB  can  influence  a  numlicr  of  corrosion  mechanisms  simultaneously 
(Beech  and  Chung  1995). 

3.2  Acid-Producing  Bacteria  and  Tungi 

Elemental  sulfur,  thiosulfates,  metal  sulfides,  H2S,  and  tetrathionates  can  be  oxidized  to  sulfuric  acid  by  thiohacilli.  Most 
hcterotrophic  bacteria  secrete  organic  acids  during  fermentation  of  organic  suhstrates.  The  kinds  and  amounts  of  acids 
produced  depend  on  the  type  of  microorganisms  and  the  available  suhstrate  molecules.  Organic  acids  may  force  a  shift  in 
the  tendency  for  corrosion  to  occur.  The  impact  of  acidic  metabolites  is  intensified  when  they  are  trapped  at  the 
biofilm/metal  interface.  Organic  acids  produced  by  fungi  were  identified  as  the  cause  for  pitting  failures  in  painted  carhon 
steel  holds  of  a  hulk  carrier  (Stranger-Johanncsen  1986)  and  aluminum  fuel  storage  tanks  (Salvarczza  ct  al.  1983). 

3.3  Ammonia  Production 

Many  organisms  produce  NH3  from  the  metabolism  of  amino  acids  or  the  reduction  of  nitrite  or  nitrate,  forming  NH4*. 
Pope  ef  al.  (1984)  documented  corrosion  failures  in  copper  alloys  due  lo  the  presence  and  activities  ol  ammonia-producing 
bacteria. 

3.4  Metal- Depositing  Bacteria 

Deposition  of  iron  and  manganese  oxides  occurs  widely  in  natural  waters,  and  is  a  dominant  control  in  geochemical  cycling 
of  these  elements.  Mineralization  can  he  carried  out  by  a  variety  of  organisms  including  hactcria,  yeast  and  fungi  (Nealson 
elal.  1988).  Ghior.sc  (1984)  prepared  a  review  of  metal-depositing  microorganisms  in  which  he  identified  microorganisms 
that  catalyze  the  oxidation  of  metals,  others  lhat  accumulate  abiolically  oxidized  metal  precipitates  and  still  others  that 
derive  energy  hy  oxidizing  metals. 

Extracellular  iron  hiomineralization  has  been  studied  extensively  in  fresh  water.  Some  iron-oxidizing  microorganisms 
extrude  polymeric  structures  upon  which  they  deposit  the  ferric  iron  derived  from  their  metabolism.  Chan  et  al.  (2004, 
2009)  concluded  lhat  polymer  directed  iron  hydroxide  mineralization  is  a  general  phenomenon  that  can  occur  in  any  system 
containing  acidic  polysaccharides  and  iron.  Banflcld  et  al.  (2000)  suggested  lhat  negatively  charged  polymers  (e.g., 
Callionella  stalks)  served  as  templates  for  aggregates  of  enzymatically  produced  iron  oxides.  Ghiorsc  and  Ehrlich  (1992) 
suggested  thal  microbial  mineral  formation  can  take  place  in  intimate  association  with  cells  forming  mineralized  .structures. 
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They  further  concluded  that  the  resulting  structures  could  be  used  to  identify  a  biological  role  in  the  formation  in  the 
absence  of  viable  cells.  Working  with  hyphal  budding  bacteria,  Gliiorse  and  Hirsch  (1979)  described  the  accumulation  of 
positively  charged  iron  hydroxides  on  negatively  charged  bacterial  polymers.  Once  deposited,  the  iron  oxides  carried 
negative  charges  so  that  such  a  process  could  continue  indefinitely  without  any  biological  activity.  The  only  required 
biological  input  is  the  initial  production  of  a  negatively  charged  polymer.  Sogaard  et  al.  (2(K)I )  described  a  similar  process 
for  biological  iron  precipitation  by  Galliot  id  la  in  a  polluted  ground  water  (pH  5).  Iron  precipitated  on  the  surface  of  the 
stalks  until  the  negative  charge  effect  was  eliminated.  The  colloidal  iron  was  condensed  and  the  result  was  a  dense  deposit. 
Miot  et  al.  (2009)  demonstrated  precipitation  ofgocthite  on  polymeric  fibers  extending  from  the  cells  of  an  iron -oxidizing 
hacicrium.  They  also  demonstrated  a  redox  gradient,  with  the  proportion  of  Fc(lll)  highest  near  the  cells  and  the  proportion 
of  Fe(ll)  increasing  al  distance  from  the  cell. 

Bacleriogenic  iron  oxides,  formed  in  response  to  chemical  or  bacterial  oxidation  of  Fc(II)  to  Fc(lll),  arc  made  up  of  intact 
and/or  partly  degraded  remains  of  bacterial  cells  mixed  with  amorphous  hydrous  Fe(lll)  oxides  (Ferris  2005). 

Bacleriogenic  iron  oxides  have  reactive  surfaces  and  act  as  sorbents  of  dissolved  metal  ions  and  enrichments  of  lead, 
cadmium,  aluminum,  chromium,  z.ine,  manganese,  and  strontium,  in  addition  to  eopper,  have  been  reported.  Sarin  et  al. 
(2001,  2004)  reported  the  absorption  of  eopper  in  iron  corrosion  scales.  Gerkc  et  al.  (2008)  demonstrated  that  heavy 
metals,  including  eopper,  were  either  trapped  within  the  structure  or  sorhed  onto  regions  of  the  tubercles. 

The  iron-oxidizing  genera  that  arc  usually  cited  as  causing  MIC  are  Gallio/tella ,  Sphacrotilus ,  Crenothrix.  Siderocapsa. 
ClotrotltrLx  and  LeptotHrix.  Iron-oxidizing  bacteria  (IOB)  have  been  implicated  in  MIC  sinee  the  1960s.  It  is  well 
established  that  tubercle  formation  by  IOB  produces  an  oxygen  concentration  cell.  Most  of  the  documented  MIC  case 
histories  associated  w  ith  IOB  luhcrclc  formation  have  involved  exposure  of  a  304  or  316  stainless  steel  in  unlrealed  well 
water  (200-300  ppm)  and  chlorinated  drinking  water.  IOB  form  dense  deposits,  excluding  oxygen  from  the  area 
immediately  under  the  deposit.  In  an  oxygenated  environment,  the  area  deprived  of  oxy  gen  becomes  a  relatively  small 
anode  compared  to  the  large  surrounding  oxygenated  cathode.  Metal  is  oxidized  at  the  anode  and  pH  decreases.  The 
extent  of  the  decrease  is  determined  hy  the  alloy  composition.  For  this  reason,  oxygen  concentration  cells  produce 
particularly  aggressive  corrosion  on  300  series  stainless  steels,  containing  17.5  to  20  percent  chromium.  Cl  migrates  from 
the  electrolyte  to  the  anode  to  neutralize  charge,  forming  heavy  metal  chlorides  that  are  extremely  corrosive.  Under  these 
circumstances,  pilling  involves  the  conventional  features  of  differential  aeration,  a  large  cathode:  anode  surface  area  and 
the  development  of  acidity  and  metallic  chlorides. 

Tubercles  have  also  been  observed  on  carbon  steel  exposed  in  fresh  water.  Kay  et  al.  (2009)  denumsiraicd  that  differential 
aeration  cells  alone  do  not  cause  aggressive  corrosion  of  carhon  steel  in  Ircsh  water.  After  examining  tubercles  on  carbon 
steel  from  multiple  fresh  water  environments  and  of  varying  ages,  they  reported  that  tubercles  consistently  had  an  outer 
crust  of  goclhilc  and  lepidoerocite  and  an  inner  shell  of  magnetite.  Core  regions  differed  in  structure,  composition, 
chemistry  and  microbiology.  The  presence  of  tubercles  on  carbon  steel  and  cast  iron  could  not  be  used  to  conclude 
localized  corrosion  directly  under  the  tubercles  or  a  role  for  haetcria  in  their  formation.  Tubereles  formed  on  earhon  steel 
pilings  in  Duluth-Superior  harbor,  Minnesota  and  Wisconsin,  did  create  anaerobic  areas  under  the  tubercles  causing  copper 
dissolved  in  the  water  to  precipitate  onto  the  surface  and  form  galvanic  eells  and  localized  corrosion. 

As  a  result  of  microbial  action,  manganese  oxide  deposits  can  form  on  submerged  materials  including  metal,  stone,  glass, 
and  plastic  and  can  occur  in  natural  waters  with  manganese  levels  as  low  as  10-20  ppb  (Dickinson  and  Lewandowski 
1996).  They  demonstrated  that  mierobially  deposited  manganese  oxide  on  a  stainless  steel  in  fresh  water  eaused  an 
increase  in  E^,rt  and  increased  cathodic  current  density  al  potentials  above  -200  mV  (vs.  saturated  calomel  reference 
electrode  (SCE)).  Ennobled  Ev,ltf  can  enhance  the  risk  of  pit  nuelcation,  w  hilc  elevated  cathodic  current  density  impedes 
re  passivation.  Biomineralized  manganic  oxides  are  efficient  cathodes  and  increase  cathodic  eurrent  density  on  stainless 
steel  by  several  decades  at  potentials  between  roughly  -200  and  +400  mVsci>  The  extent  to  which  the  elevated  current 
density  ean  be  maintained  is  controlled  by  the  electrical  capacity  of  the  mineral  rellceting  both  total  accumulation  and 
conductivity  of  the  mineral -biopolymer  assemblage  (only  material  in  electrical  eonlael  with  the  metal  will  be  eathodically 
active).  The  biomineralization  rate  and  the  corrosion  eurrenl  control  oxide  accumulation,  in  that  high  corrosion  currents 
will  discharge  the  oxide  as  rapidly  as  it  is  formed. 

3.5  Metal  reduction 

Dissimilatory  iron  and/or  manganese  reduction  occurs  in  several  microorganisms,  including  anaerobic  and  facultative 
acrohic  haetcria.  lnhihilor  and  competition  experiments  suggest  that  Mn(l  V)  and  Fe(lll)  are  efficient  electron  acceptors 
similar  to  nitrate  in  redox  ability  and  are  capable  of  oul-eonipcling  electron  acceptors  of  lower  potential,  such  as  sulfate  or 
carhon  dioxide.  L  ittle  et  al.  (1997)  used  synthetic  iron  oxides  (goclhilc,  aFeOOH;  hematite,  Fe2()3;  and  ferrihydrile, 
Fc(OH)i)  as  model  compounds  to  simulate  the  mineralogy  of  passivating  films  on  carbon  steel.  Rales  of  reduction, 
measured  by  atomic  absorption  spectroscopy  of  Fc(ll)  in  solution  as  a  function  of  lime,  for  the  three  minerals  indicate  that 
alter  a  24-hr  exposure  to  ShewaneUa  putrefaderts ,  initial  reduction  rates  for  goclhilc  and  ferrihydrile  were  approximately 
the  same  and  were  5  times  faster  than  the  reduction  rate  for  hematite.  After  22  days  the  integrated  reduction  rales  for 
goethite  and  ferrihydrite  were  much  faster  than  those  measured  at  24  hours.  The  hematite  reduction  rate  actually  slowed 
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over  the  exposure  period  so  that  alter  22  days  the  overall  integrated  rate  was  50  limes  slower  than  reduction  rates  lor 
gocthitc  and  lerrihydrite  (Roden  and  Zachara  1996).  Obuekwe  et  at.  (1981)  observed  that  Pseudomonas  sp.,  an  iron- 
reducing  bacterium,  accelerated  the  corrosion  of  1018  slccl. 

3.6  Methane  Producers 

Boopathy  and  Daniels  (1991)  demonstrated  that  methanogens  could  use  H2  produced  by  the  'cathodic  depolarization- 
mediated  oxidation  of  elemental  iron'1  to  produce  methane  and  influence  corrosion.  In  many  environments,  methanogens 
and  SRB  coexist  in  a  symbiotic  relationship:  SRB  producing  hydrogen,  CO>  and  acetate  by  fermentation,  and  methanogens 
consuming  these  compounds.  Larsen  et  al  (201 1)  using  molecular  microbiology  methods  to  identify  microorganisms  in 
water  and  solids  in  a  producing  oil  well,  found  that  methanogens  sometimes  outnumbered  SIM*  and  suggested  that  their 
numbers  should  be  monitored  in  MIC  risk  assessments. 

4.  SUMMARY 

With  the  introduction  of  culture-independent  molecular  microhiology  methods  it  has  become  possible  to  detect  many 
microorganisms  associated  with  corrosion  that  were  not  previously  detected  with  culture  techniques.  As  a  result,  the  list  of 
causative  organisms  and  mechanisms  for  MIC  is  constantly  being  updated.  However,  in  all  cases,  the  influence  of 
microorganisms  on  corrosion  depends  on  the  nature  of  the  mctal/alloy  and  the  specific  environment  in  which  the  organisms 
are  growing. 
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